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 Introduction
Mycoplasma hyopneumoniae is present in the majority
 swine herds around the world (Kobisch and Friis, 1996).
It is the primary agent involved in porcine enzootic
pneumonia (EP). This condition is associated with respira-
tory disease and reduced productivity in pigs causing
severe economic losses to the swine industry. The
importance of M. hyopneumoniae is also linked to its
ability to increase the severity of infections caused by
viruses (Opriessnig et al., 2004), as well as bacteria (Marois
et al., 2009; Palzer et al., 2008). When these pathogens are
in co-infection with M. hyopneumoniae, the severity of the
respiratory lesions is increased. Moreover, M. hyopneumo-
niae can enhance the quantity and the persistence of PVC2
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A B S T R A C T
Mycoplasma hyopneumoniae, the causative agent of porcine enzootic pneumonia, is
present in swine herds worldwide. However, there is little information on strains infecting
herds in Canada. A total of 160 swine lungs with lesions suggestive of enzootic pneumonia
originating from 48 different farms were recovered from two slaughterhouses and
submitted for gross pathology. The pneumonic lesion scores ranged from 2% to 84%.
Eighty nine percent of the lungs (143/160) were positive for M. hyopneumoniae by real-
time PCR whereas 10% (16/160) and 8.8% (14/160) were positive by PCR for M. hyorhinis
and M. ﬂocculare, respectively. By culture, only 6% of the samples were positive for M.
hyopneumoniae (10/160). Among the selected M. hyopneumoniae-positive lungs (n = 25), 9
lungs were co-infected with M. hyorhinis, 9 lungs with PCV2, 2 lungs with PRRSV, 12 lungs
with S. suis and 10 lungs with P. multocida. MLVA and PCR-RFLP clustering of M.
hyopneumoniae revealed that analyzed strains were distributed among three and ﬁve
clusters respectively, regardless of severity of lesions, indicating that no cluster is
associated with virulence. However, strains missing a speciﬁc MLVA locus showed
signiﬁcantly less severe lesions and lower numbers of bacteria. MLVA and PCR-RFLP
analyses also showed a high diversity among ﬁeld isolates of M. hyopneumoniae with a
greater homogeneity within the same herd. Almost half of the ﬁeld isolates presented less
than 55% homology with selected vaccine and reference strains.
 2013 The Authors. Published by Elsevier B.V. 
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ultisystemic wasting syndrome (PMWS) in swine
priessnig et al., 2004; Thacker et al., 2001).
Isolation of M. hyopneumoniae is known to be fastidious
ue to the long incubation period needed for its culture
riis, 1975; Marois et al., 2007) and to the frequent co-
olation of Mycoplasma hyorhinis, a normal ﬂora inhabi-
nt of the upper respiratory tract of young pigs (Kobisch
nd Friis, 1996). M. hyorhinis has also been involved in a
ariety of diseases in swine including enzootic pneumonia
nd respiratory disease in general (Kawashima et al., 1996;
obisch and Friis, 1996; Lin et al., 2006).
At the genomic level, high heterogeneity has been
emonstrated between M. hyopneumoniae isolates through-
ut the world using various typing techniques such as
andom ampliﬁed polymorphic DNA (RAPD) (Artiushin and
inion, 1996), ampliﬁed fragment length polymorphism
FLP) (Kokotovic et al., 1999) and pulsed-ﬁeld gel
lectrophoresis (PFGE) (Stakenborg et al., 2005). However,
e RAPD technique and the analysis of polyserine repeat
ave weak reproducibility rates among different laborato-
ies, and the AFLP and PFGE techniques are considered
stidious. Thus, new techniques based on DNA ampliﬁca-
on have been developed in the last few years. The multiple
ci variable number of tandem repeats (VNTR) analysis
LVA) and the PCR combined with restricted fragments
ngth polymorphism (PCR-RFLP) are two methods that can
e easily performed, are reproducible and have a high
iscriminatory power (Marois-Cre´han et al., 2012; Staken-
org et al., 2006b; Vranckx et al., 2011). Recently, a MLVA
assay was described as a tool to differentiate M. hyopneu-
moniae strains in samples from the respiratory tract without
prior cultivation (Vranckx et al., 2011). Previous studies have
shown genetic heterogeneity between isolates from differ-
ent farms (Mayor et al., 2007; Nathues et al., 2011;
Stakenborg et al., 2005). However, other reports have shown
both genetic heterogeneity and homogeneity between
isolates from the same herds (Maes et al., 2008; Marois-
Cre´han et al., 2012). Field isolates of M. hyopneumoniae have
also shown virulence variability (Vicca et al., 2003).
Actually, little is known about M. hyopneumoniae
isolates found in Canada. The aim of this study was to
evaluate the genetic diversity of M. hyopneumoniae
isolated from single or mixed infections from abattoir pigs.
2. Materials and methods
2.1. Sample collection and histopathology
A total of 160 swine lungs presenting gross lesions
suggestive of porcine enzootic pneumonia, originating
from 48 farms, were recovered from two slaughterhouses
(#1, n = 110; #2, n = 50) located in the province of Quebec
(Canada) from October 2008 to March 2009. The lungs
were all scored for macroscopic pneumonic lesions as
previously described by Straw et al. (1986). For M.
hyopneumoniae isolation, swabs from the trachea and
lungs were resuspended in 1 mL of buffered peptone water.
A subset of 25 M. hyopneumoniae-positive lungs by real-
time PCR (Table 1) were further analyzed for the detection
able 1
everity of lesions, quantiﬁcation of M. hyopneumoniae in lungs with lesions suggestive of EP with or without other pathogens in abattoir pigs.
Lung
identiﬁcation
number
Severity of
lesions (%)
M. hyopneumoniae
culturea
M. hyopneumoniae
quantiﬁcation
(genome/mL)
M.
hyorhinis
PRRSV PCV 2 S. suis P.
multucida
H.
parasuis
APP A. suis
#101 69 Mhp/Mhr 9.20  106 +   + +   
#105 60 Mhp/Mhr 1.20  109 + +      
#112 57 Mhp/Mhr 4.16  108 +   + +   
#122 41 Mhp 3.01  108     +   
#119 20 Mhr 1.14  106    + +   
#120 5 Mhr 1.41  106    +    
#123 17 Mhp/Mhr 3.25  107 +   + +   
#125 24 Mhp/Mhr 1.59  109 +   +    
#127 23 Mhp/Mhr 9.87  107 +    +   
#132 14 Mhp/Mhr 1.90  108 +  + +    
#135 22 Mhp/Mhr 9.45  108 +  +     
#149 17 Mhp/Mhr 5.49  108 +  +  +   
#007 14 – 3.01  107        
#014 44 – 1.82  106        
#021 25 – 6.74  107   +     
#028 33 – 3.16  108   + + +   
#035 22 – 1.26  107    +    
#042 27 – 5.09  107   +     
#049 22 – 1.02  108    +    
#056 45 – 1.03  108  + +  +   
#063 8 – 4.40  108        
#070 42 – 4.62  108   +  +   
#077 25 – 2.02  106   + +    
#084 62 – 1.12  108        
#091 48 – 2.10  108    +    
esults for M. hyorhinis, PRRSV and PCV2 are from PCR testing whereas those for S. suis, H. parasuis, P. multocida, A. suis and A. pleuropneumoniae are from
aditional bacteriological culture.RRSV: Porcine reproductive and respiratory syndrome virus; PCV2: Porcine circovirus type 2; APP: Actinobacillus pleuropneumoniae.
a Mhp: M. hyopneumoniae; Mhr: M. hyorhinis; shifted cultures were conﬁrmed by multiplex PCR.
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A. Charlebois et al. / Veterinary Microbiology 168 (2014) 348–356350 Streptococcus suis, Haemophilus parasuis, Pasteurella
ultocida, Actinobacillus suis, Actinobacillus pleuropneumo-
ae using traditional bacteriology methods, PRRSV (Real-
e PCR diagnostic test kit, Tetracore, Rockville, Mary-
d, USA) and PCV2 (Gagnon et al., 2008) (Virology
oratory, Faculty of Veterinary Medicine, University of
ontreal). A portion of each affected lobe was ﬁxed in 10%
utral buffered formalin for histopathology examina-
ns. A minimum of four and a maximum of ﬁve sections
ere embedded in parafﬁn, cut at 5 mm, and stained
ith hematoxylin, eosin, phloxin B and saffron for light
icroscopic examination.
. M. hyopneumoniae isolation
For each sample, 100 mL of the initial buffered peptone
ater suspension was inoculated in 900 mL of Friis
edium supplemented with bacitracin (150 mg/mL),
photericin B (2.5 mg/mL), ampicillin (100 mg/mL) and
listin (7.5 mg/mL) (all from Sigma, Oakville, Ontario,
nada) to optimize M. hyopneumoniae recovery (Marois
 al., 2007). Tubes were incubated at 37 8C until the
lture developed an acid color change or up to 30 days.
e cultures were then ten-fold serially diluted up to 103
arois et al., 2007) and 10 ml of each dilution was plated
to NHS agar for puriﬁcation (Friis, 1971). Plates were
cubated at 37 8C with 5% CO2 for 1–2 weeks. Isolated
lonies were recovered, inoculated in 1 mL of Friis
edium and incubated until color shift.
. Real-time PCR
Initial buffered peptone water suspensions were
amined for the presence and the quantiﬁcation of M.
opneumoniae by real-time PCR. Primers were used as
scribed by Strait et al. (2008). Brieﬂy, DNA extraction
as performed with the QIAamp DNA Mini Kit (Qiagen,
ississauga, Ontario, Canada). The Quantitect Probe PCR
t (Qiagen) was used for the reaction. The PCR mix
ntained 1 PCR buffer, 400 nM of each primer, 120 nM of
qMan probe, 5 mL of DNA and completed to 25 mL with
rile water without RNAse. DNA ampliﬁcation was
rried out using a Cepheid SmartCycler1 system (Fisher
ientiﬁc, Ottawa, Canada) with the following conditions:
 min at 95 8C then 40 cycles of 15 s at 94 8C, 30 s at 60 8C
d 30 s at 72 8C. M. hyopneumoniae ATCC 25095 was used
as a positive control. For the quantiﬁcation, Ct values of the
samples were compared to the standard curve. The
standard curve was elaborated with serial dilutions of
known concentrations of DNA from M. hyopneumoniae
ATCC 25095. The detection limit of this technique was
1000 genomes/mL.
2.4. Conventional PCR
Shifted cultures were examined for the presence of M.
hyopneumoniae, M. hyorhinis and Mycoplasma ﬂocculare in
a multiplex PCR. Initial buffered peptone water suspen-
sions previously analyzed by real-time PCR for M.
hyopneumoniae were also examined for the presence of
M. hyorhinis and M. ﬂocculare in a multiplex PCR. Primers
were as described by Stakenborg et al. (2006a). Brieﬂy,
DNA extraction was performed as described above
following the ‘‘DNA puriﬁcation from tissues’’ protocol.
The PCR mixture contained 1 PCR buffer, 200 mM of
dNTPs, 160 nM of each forward primer, 240 nM of the
reverse primer, 1 unit of Taq DNA polymerase (New
England Biolabs, Whitby, Ontario, Canada), and 5 mL of the
DNA template in a total volume of 50 mL. Ampliﬁcation
was performed in a Whatman Biometra thermocycler
(Montreal Biotech Inc., Montre´al, Quebec, Canada). The
reaction procedure consisted of 30 cycles of denaturation
at 94 8C for 30 s, primer annealing at 54.6 8C for 15 s, and
extension at 68 8C for 1 min. A volume of 10 mL of each PCR
product was separated for 30 min at 150 V on a 1.5%
agarose gel stained with ethidium bromide. M. hyopneu-
moniae ATCC 25095, M. hyorhinis ATCC 17981 and M.
ﬂocculare ATCC 27399 were used as positive controls.
2.5. MLVA and PCR-RFLP
For genotyping of M. hyopneumoniae, four loci with a
VNTR were used (Table 2). DNA extracts were from initial
buffered peptone water suspensions from lungs or from
isolates. The PCR mixture for the four loci contained 1
PCR buffer, 2.5 mM MgCl2, 200 mM of dNTPs, 400 nM of
each primer (Table 1), 1 units of Taq DNA polymerase (New
England Biolabs), and 5 mL of the DNA template in a total
volume of 50 mL. Ampliﬁcation was performed in a
Whatman Biometra thermocycler. The reaction procedure
for loci P97-RR1 and P97-RR2 consisted of 30 cycles of
denaturation at 94 8C for 30 s, primer annealing at 54 8C for
ble 2
mers used in this study for typing by MLVA and PCR-RFLP.
CR Primers Sequence (50–30) Products length (bp)a Size of repeat (bp)a Reference
LVA Locus1-F AAACTCCAAAAAAATCGATAAAAA 235 18 Marois-Cre´han et al. (2012)
Locus1-R CTTTTTTTGCGGTAATAAGGTTAT
Locus2-F TTTGTGCTTGGTAAAGTTAAATT 108 12
Locus2-R AGAGATTACAACCAAGAAGCAA
P97-RR1-F GAAGCTATCAAAAAAGGGGAAACTA 290 15 Stakenborg et al. (2006b)
P97-RR1-R GGTTTATTTGTAAGTGAAAAGCCAG
P97-RR2-F AGCGAGTATGAAGAACAAGAA 344 30
P97-RR2-R TTTTTACCTAAGTCAGGAAGG
RFLP P146-F GCTTTCCATGTTTGGCATTT 2724 This study
P146-R CCACAGACAAGTTCTTCGCA silico estimation from the Mycoplasma hyopneumoniae strain J (http://insilico.ehu.es/PCR/).
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A. Charlebois et al. / Veterinary Microbiology 168 (2014) 348–356 3510 s, and extension at 72 8C for 1 min. The reaction
rocedure for loci 1 and 2 consisted of 40 cycles of
enaturation at 94 8C for 30 s, primer annealing at 60 8C for
0 s, and extension at 72 8C for 30 s. 10 mL of each PCR
roduct was run for 40 min at 125 V on a 2% agarose gel
hich was stained with ethidium bromide for 30 min. PCR-
FLP analysis was performed as described by Stakenborg
t al. (2006b) with few modiﬁcations. Brieﬂy, the p146 gene
as ampliﬁed in the following conditions: 1 PCR buffer,
 mM MgCl2, 0.1 mM of dNTPs, 20 pmol of both primers
able 2) and 2.5 U of Taq DNA polymerase (New England
iolabs). The ampliﬁcation reaction was 30 cycles of
enaturation at 94 8C for 30 s, primer annealing at 52.5 8C
r 30 s, and extension at 68 8C for 3 min followed by 15 min
t 68 8C. 17 mL of the ﬁnal PCR product was digested for 3 h
t 37 8C in a mix containing 10 U of restriction enzyme AluI
ew England Biolabs). Restricted fragments were separat-
d for 60 min at 120 V on a 2% agarose gel which was then
tained with ethidium bromide for 30 min.
M. hyopneumoniae ATCC 25934, ATCC 25095 and strain
32 were used as a positive controls. Strains from France
 = 10), DNA extracts from 6 vaccines available in North
merica and two lungs with lesions suggestive of EP from
anitoba were also included in genotyping analysis for
omparison purposes.
.6. Cluster and data analysis
Digital images of PCR-RFLP gels and MLVA proﬁles,
reated from the number of repeats for each of the VNTR
ci, were imported to the BioNumerics software (Applied
aths, Austin, TX, USA). The unweighted pair group
ethod with arithmetic mean (UPGMA) was used for
lustering. For PCR-RFLP, bands were marked following
tandardization using the TrackIt 100 pb DNA ladder (Life
echnologies, Burlington, Ontario, Canada). Band position
lerance and optimization were set to 1%. Bands smaller
an 175 pb were omitted (Stakenborg et al., 2006b). The
iscriminatory power of the MLVA and PCR-RFLP techni-
ues were calculated by using the Simpson’s index of
iversity. Two different indexes were calculated for each
chnique, one including all M. hyopneumoniae isolates and
ne excluding all isolates demonstrating an identical
ngerprint and originating from a single herd. An exact
ultivariate logistic regression was used to determine the
elationships between M. hyopneumoniae and other
athogens found in co-infections. Student ‘‘t’’ test was
erformed to evaluate the relationship between the
bsence of ampliﬁcation of locus 1 and the lower
oncentration of bacteria and percentage of lesions. All
tatistics were done with the SAS software v.9.1. (Cary,
C). A p < 0.05 was considered to be signiﬁcant.
. Results
.1. Pathology and histopathology
All lungs with lesions suggestive of EP (n = 160) were
ubmitted for gross pathology. The macroscopic pneu-
onic lesion scores ranged from 2% to 84% and these
ere conﬁrmed by histopathological examination. Mild
post-mortem changes were present in all samples,
although preservation of tissues was adequate. Lymphoid
hyperplasia of the bronchus-associated lymphoid tissue
(BALT) was moderate to marked, except in 3 pigs for which
it was mild. Evidence of compression of bronchioles by
lymphoid nodules/follicles was sometimes present. In all
but one pig, hyperplasia was associated with suppurative
bronchitis/bronchiolitis or bronchopneumonia, mucus
being admixed with the neutrophils in the bronchi of a
few pigs. Intra-alveolar edema and macrophages were
observed multifocally, the number of macrophages being
moderate to high in 14/25 pigs, and low in the others.
Bronchiolitis obliterans was observed in 22/25 pigs,
usually not marked or extensive except in 3 pigs where
it was prominent. Finally, in 9/25 pigs, a few to several
small alveolar and/or bronchiolar granulomata associated
with plant material were present.
3.2. PCR analysis
A total of 89.3% of the swabs from the tested lungs with
lesions suggestive of EP (143/160) were positive by real-
time PCR for M. hyopneumoniae with a concentration of
bacteria ranging from 1.17  105 to 3.37  109 genomes
per mL. No link was observed between numbers of M.
hyopneumoniae cells and severity of lesions in abattoir pigs
(Fig. S1A). Using multiplex PCR, 10% of the lungs with
lesions suggestive of EP (16/160) were positive for M.
hyorhinis whereas 8.8% (14/160) were positive for M.
ﬂocculare. Two lungs (1.25%) carried a mixture of the three
mycoplasmas whereas no mycoplasmas were detected in
seven lungs (4.4%). None were positive for M. ﬂocculare
without the other two mycoplasmas while seven lungs
(4.4%) were positive for M. hyorhinis alone.
Supplementary material related to this article can be
found, in the online version, at http://dx.doi.org/10.1016/
j.vetmic.2013.11.006.
3.3. Bacterial isolation
Only 10 isolates of M. hyopneumoniae were recovered
out of the 160 lungs cultured. Of those, 9 mixed cultures of
both M. hyopneumoniae and M. hyorhinis were observed. M.
hyopneumoniae was recovered in pure culture in only one
lung. No M. ﬂocculare was recovered whereas two pure
cultures of M. hyorhinis were isolated from two different
lungs. All positive broth cultures (n = 12) were tested by
multiplex PCR for the identiﬁcation of M. hyopneumoniae,
M. hyorhinis, and M. ﬂocculare (Table 1). The overall
isolation rate for both slaughterhouses was 6.2% for M.
hyopneumoniae and 6.9% for M. hyorhinis. Interestingly, the
recovered isolates were all from slaughterhouse #2
(n = 12/50) indicating an isolation rate for this unit of
20% for M. hyopneumoniae (n = 10/50) and of 22% for M.
hyorhinis (n = 11/50).
3.4. Co-infection
A subset of positive lungs (n = 25) were selected for the
co-infection study. The ﬁrst criteria of selection were
positivity on culture for M. hyopneumoniae and/or M.
hy
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A. Charlebois et al. / Veterinary Microbiology 168 (2014) 348–356352ohinis (Table 1) which yield only 12 positive lungs.
cause of the low number of isolates recovered, an
ditional 13 lungs were randomly selected based on
al-time PCR results to complete the subset (Table 1). Of
ose selected lungs (n = 25), nine were co-infected with M.
orhinis, nine with PCV2 and two with PRRSV as deter-
ined by PCR (Table 1). Using traditional bacteriology
culture, 12 lungs were found to be co-infected with S. suis
and 10 lungs with P. multocida whereas no co-infection was
observed with H. parasuis, A. pleuropneumoniae and A. suis
(Table 1). The odds of being in the group with more severe
lesions were not associated with the prevalence of M.
hyorhinis (p = 0.45), PRRSV (p = 0.23), PCV2 (p = 0.15), S. suis
(p = 0.20) and P. multocida (p = 0.22).
. 1. Dendrogram of M. hyopneumoniae isolates compared to the vaccine and reference strains as demonstrated by MLVA. Cluster analysis was performedth UPGMA using Pearson coefﬁcient. Reference strains are indicated as broken lines whereas vaccine strains are marked as stars. Tolerance level of 1%. The
mber of clusters was determined with a 60% similarity cutoff value.
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MLVAs were performed directly on all M. hyopneumo-
iae-positive lungs from Quebec (n = 143) and Manitoba
 = 2), broth cultures (n = 10), vaccines (n = 6) and refer-
nce (n = 3) and France (n = 10) strains. Results obtained
om cultured broths and their associated lungs were
identical. A total of 87 MLVA types were identiﬁed and
these types were further separated in ﬁve clusters, the
cluster one and three containing the majority of the
isolates (Fig. 1). The ﬁrst cluster contained all three
reference strains and all vaccine strains. The Simpson’s
index of diversity was 0.997, indicating a high discrimina-
tion power, when all isolates with identical ﬁngerprints
ig. 2. PCR-RFLP dendrogram of M. hyopneumoniae isolates compared to the reference strains. Cluster analysis was performed with UPGMA using Diceoefﬁcient. Reference strains are indicated as broken lines. Vaccine strains were not typeable. Tolerance level of 1%. The number of clusters was determined
ith a 50% similarity cutoff value.
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A. Charlebois et al. / Veterinary Microbiology 168 (2014) 348–356354d originating from the same farm were excluded. This
dex was 0.991, indicating a slightly lower discrimination
wer, when all M. hyopneumoniae isolates were taken
to account. All isolates were considered typable by
LVA because in all cases at least one locus out of four was
pliﬁed. Fifteen isolates had no ampliﬁcation for one of
e four loci (locus one, n = 14; and locus P97-RR1, n = 1),
e isolate for two loci (P97-RR1 and P97-RR2) and one
late for three loci (locus one, P97-RR1 and P97-RR2).
LVA clustering of M. hyopneumoniae from abattoir pigs
vealed that analyzed strains were distributed among the
e clusters regardless of lesions’ severity, indicating that
 MLVA clusters were associated with virulent strains
ig. S1B). However, strains lacking locus 1 showed
niﬁcantly less severe lesions and lower numbers of
cteria as demonstrated by histopathology and real-time
R, respectively (p < 0.05). These isolates were from
ster 3 (n = 14) or cluster 5 (n = 1). Their corresponding
ngs presented between 102 and 104 times less bacteria
ata not shown). Also, thirteen lungs showed ampliﬁca-
n of more than one band indicating that they harbor
ore than one isolates. MLVA revealed no ampliﬁcation for
. hyorhinis, M. ﬂocculare, S. suis, H. parasuis, P. multocida, A.
is or A. pleuropneumoniae.
. PCR-RFLP analysis of the p146 encoding gene
PCR-RFLPs were also performed directly on all M.
opneumoniae-positive lungs from Quebec (n = 143) and
anitoba (n = 2), broth cultures (n = 10), vaccines (n = 6),
ference (n = 3) and France (n = 10) strains. Again, results
tained from cultured broths and their associated lungs
ere indistinguishable. For this procedure, forty-one
ngs, one strain from France and the vaccine strains were
n-typeable because of the absence of ampliﬁcation of
e p146 gene. The remaining M. hyopneumoniae-positive
ngs (n = 102) were separated into 83 different patterns
d regrouped in seven clusters (Fig. 2). The second cluster
ntained all reference strains. The Simpson’s index of
versity was 0.986, which is considered an average
scrimination rate, when isolates with the same ﬁnger-
int and isolated from the same farm were excluded.
hen all M. hyopneumoniae isolates were taken into
count, the index was 0.971. There was no association
tween lesions’ severity and PCR-RFLP clustering of M.
opneumoniae from abattoir pigs (Fig. S1C). Cluster 3
ntained only strains from France but data on lung lesions
r these strains were not available (Fig. S1C). No
pliﬁcation for M. hyorhinis, M. ﬂocculare, S. suis, H.
rasuis, P. multocida, A. suis or A. pleuropneumoniae were
served in PCR-RFLP.
 Discussion
Molecular typing methods are valuable tools to
fferentiate strains for epidemiological investigations.
ese techniques become even more valuable when they
n be performed directly on clinical samples and for
icroorganisms that are known to be fastidious. So far,
ree typing methods not requiring cultivation have been
scribed for M. hyopneumoniae: MLVA (Vranckx et al.,
2011), molecular typing of the p146 gene (sequencing and
length of VNTR) (Mayor et al., 2007) and multilocus
sequence typing (MLST) (Mayor et al., 2008). These studies
have observed that patterns obtained from cultured broths
and their associated clinical samples were identical,
indicating that these techniques could be used without
prior cultivation. This study also demonstrates that both
MLVA and PCR-RFLP should be considered as reliable tests
for quick and rather inexpensive differentiation of M.
hyopneumoniae strains without prior isolation. In addition,
MLVA typing gave strong evidence that some pigs were
infected with multiple strains of M. hyopneumoniae and
this was not achieved with the other typing method
(Marois-Cre´han et al., 2012; Vranckx et al., 2011). It has
been suggested that simultaneous or subsequent infec-
tions with more than one strain might result in more
severe lung lesions (Villarreal et al., 2009; Vranckx et al.,
2011). However, in this study, lungs harboring more than
one strain of M. hyopneumoniae as per MLVA results were
not associated with higher lesion scores (p = 0.87),
indicating that numbers of strains per lungs were not
linked with more severe lung lesions in abattoir pigs (data
not shown). The MLVA procedure also revealed that the
absence of one locus was signiﬁcantly associated to lower
concentrations of bacteria (p < 0.0001) and lower percen-
tages of lesions (p < 0.0001), suggesting that this locus of
M. hyopneumoniae could be associated with virulence. The
gene ampliﬁed by this locus encodes for a hypothetical
protein of 77–78 kDa (GenBank accessions no. YP
278837.1 of strains J (ATCC 25934), YP 115552.1 of USA
232 and YP 287436.1 of 7448). In a study by Calus et al.
(2007), when comparing the SDS-PAGE patterns from
isolates of different herds, the most explicit variability was
detected over 74 kDa with one band of 181 kDa speciﬁc
for two highly virulent isolates. However, attempts to
relate total protein proﬁles according to virulence has been
unfruitful (Calus et al., 2007). MLVA and PCR-RFLP
clustering of M. hyopneumoniae also revealed that analyzed
strains were distributed among all clusters regardless of
lesions’ severities, indicating that DNA patterns did not
cluster according to virulence. Also, no links were observed
between numbers of M. hyopneumoniae cells and severity
of lesions.
MLVA and PCR-RFLP also revealed differences in
diversity of M. hyopneumoniae strains between farms.
This is in accordance with other studies reporting on
heterogeneity between herds (Mayor et al., 2007; Nathues
et al., 2011; Stakenborg et al., 2005). Additionally,
heterogeneity was also observed in M. hyopneumoniae
found with or without co-infected microorganisms. When
isolates from the same farm were compared, the outcome
depended on the farm, demonstrating that some isolates
were different whereas others identical. These results
were conﬁrmed by the Simpson indexes of diversity.
These ﬁndings have previously been reported (Maes et al.,
2008) and it is believed that the all-in/all-out production
system results in a more uniform population of bacteria
compared to the traditional production system which
leads to a more heterogeneous group of isolates. Also, the
proximity of other farms could contribute to the
introduction of new strains of M. hyopneumoniae in a
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he airborne transmission seems to be a mechanism of re-
fection for M. hyopneumoniae and may occur between
rms being up to 9.2 km apart (Dee et al., 2009; Kobisch,
007; Otake et al., 2010). In this study, some strains were
ot typeable by PCR-RFLP comparatively to a previous
eport by Stakenborg et al. (2006b). Both studies used
ifferent primers. Alignment analysis of the primers of
his study with nine known DNA sequences (J, 232, 7448,
68, 168-L, 7422, PMS, BQ14, F7.2C) revealed only
onserved regions of the p146 gene. This indicates that
utations are likely responsible for the non-typeable
esults observed by PCR-RFLP.
This study also reports on molecular variabilities
etween ﬁeld and vaccine strains as many M. hyopneu-
oniae (45%) demonstrated less than 55% homology with
he vaccinal and reference strains. Beneﬁcial effects
onferred by current commercial vaccines have been
reviously reported as variable among infected herds. A
ossible explanation could be the high heterogeneity
emonstrated between M. hyopneumoniae isolates
hroughout the world (Artiushin and Minion, 1996; Frey
t al., 1992; Kokotovic et al., 1999; Stakenborg et al.,
005). However, this hypothesis warrants further inves-
igations.
Reports on co-infections of PRRSV, PCV2 and P.
ultocida with M. hyopneumoniae have been associated
ith increased respiratory lesions and pneumonia seve-
ities (Ciprian et al., 1988; Opriessnig et al., 2004; Palzer
t al., 2008; Thacker et al., 1999, 2001). This has been
ainly demonstrated in pigs of 4–11 weeks of age. PCV2
fections are most commonly found in pigs between 4 and
 weeks of age; whereas PRRSV infections are mostly
ncountered between 5 and 12 weeks of age (Cho and Dee,
006; Harding et al., 1998). In this study, abattoir pigs of
pproximately 8 months of age were investigated to
etermine whether these associations were still observ-
ble through time. Results showed no signiﬁcant associa-
ons between increased respiratory lesions and the
resence of other pathogens in abattoir pigs. Also, the
olation of M. hyorhinis alone from lungs with EP has been
eported once in Taiwan (Lin et al., 2006) but not, to our
nowledge, in Canada.
In conclusion, this study showed that M. hyopneumo-
iae isolates differ between herds and, in some cases, even
ithin the same herd in Canada. Moreover, almost half of
e ﬁeld isolates presented less than 55% homology with
elected vaccine and reference strains. Isolates did not
roup according to virulence but the absence of a speciﬁc
LVA locus was signiﬁcantly associated with less severe
sions and lower numbers of bacteria.
cknowledgements
This work was supported partly by grants from the
Fe´de´ration des Producteurs de Porcs du Que´bec’’ (FPPQ),
e ‘‘Centre de Recherche en Infectiologie Porcine’’ (CRIP),
oetis Animal Health and from the Natural Sciences and
ngineering Research Council of Canada (M. Archambault,
GPIN-191461). The authors are grateful to Guy Beau-
References
Artiushin, S., Minion, F.C., 1996. Arbitrarily primed PCR analysis of Myco-
plasma hyopneumoniae ﬁeld isolates demonstrates genetic heteroge-
neity. Int. J. Syst. Bacteriol. 46, 324–328.
Calus, D., Baele, M., Meyns, T., de Kruif, A., Butaye, P., Decostere, A.,
Haesebrouck, F., Maes, D., 2007. Protein variability among Mycoplas-
ma hyopneumoniae isolates. Vet. Microbiol. 120, 284–291.
Cho, J.G., Dee, S.A., 2006. Porcine reproductive and respiratory syndrome
virus. Theriogenology 66, 655–662.
Ciprian, A., Pijoan, C., Cruz, T., Camacho, J., Tortora, J., Colmenares, G.,
Lopez-Revilla, R., de la Garza, M., 1988. Mycoplasma hyopneumoniae
increases the susceptibility of pigs to experimental Pasteurella mul-
tocida pneumonia. Can. J. Vet. Res. 52, 434–438.
Dee, S., Otake, S., Oliveira, S., Deen, J., 2009. Evidence of long distance
airborne transport of porcine reproductive and respiratory syndrome
virus and Mycoplasma hyopneumoniae. Vet. Res. 40, 39.
Frey, J., Haldimann, A., Nicolet, J., 1992. Chromosomal heterogeneity of
various Mycoplasma hyopneumoniae ﬁeld strains. Int. J. Syst. Bacteriol.
42, 275–280.
Friis, N.F., 1971. Mycoplasma hyorhinis as a causative agent in pneumonia
of pigs. Acta Vet. Scand. 12, 116–119.
Friis, N.F., 1975. Some recommendations concerning primary isolation of
Mycoplasma suipneumoniae and Mycoplasma ﬂocculare a survey. Nord.
Vet. Med. 27, 337–339.
Gagnon, C.A., del Castillo, J.R., Music, N., Fontaine, G., Harel, J., Tremblay,
D., 2008. Development and use of a multiplex real-time quantitative
polymerase chain reaction assay for detection and differentiation of
Porcine circovirus-2 genotypes 2a and 2b in an epidemiological
survey. J. Vet. Diagn. Invest. 20, 545–558.
Harding, J., Clark, E.G., Strokappe, J.H., Willson, P.I., Ellis, J.A., 1998.
Postweaning multisystemic wasting syndrome: epidemiology and
clinical presentation. Swine Health Prod. 6, 249–254.
Kawashima, K., Yamada, S., Kobayashi, H., Narita, M., 1996. Detection of
porcine reproductive and respiratory syndrome virus and Mycoplas-
ma hyorhinis antigens in pulmonary lesions of pigs suffering from
respiratory distress. J. Comp. Pathol. 114, 315–323.
Kobisch, M., 2007. Les affections lie´es aux mycoplasmes chez le porc. Le
nouveau praticien ve´te´rinaire 64–67.
Kobisch, M., Friis, N.F., 1996. Swine mycoplasmoses. Rev. Sci. Tech. 15,
1569–1605.
Kokotovic, B., Friis, N.F., Jensen, J.S., Ahrens, P., 1999. Ampliﬁed-fragment
length polymorphism ﬁngerprinting of Mycoplasma species. J. Clin.
Microbiol. 37, 3300–3307.
Lin, J.H., Chen, S.P., Yeh, K.S., Weng, C.N., 2006. Mycoplasma hyorhinis in
Taiwan: diagnosis and isolation of swine pneumonia pathogen. Vet.
Microbiol. 115, 111–116.
Maes, D., Segales, J., Meyns, T., Sibila, M., Pieters, M., Haesebrouck, F.,
2008. Control of Mycoplasma hyopneumoniae infections in pigs. Vet.
Microbiol. 126, 297–309.
Marois-Cre´han, C., Fablet, C., Devendec, L.L., Poe¨ze´vara, T., Tocqueville, V.,
Gautier-Bouchardon, A.V., Madec, F., Kobisch, M., 2012. Molecular
typing of 241 Mycoplasma hyopneumoniae strains isolated in France
by real-time TaqMan PCR assay, pulsed-ﬁeld gel electrophoresis and
multiple-locus variable-number tandem-repeat analysis. In: 19th
Congress of the International Organisation of Mycoplasmology, Tou-
louse, France.
Marois, C., Gottschalk, M., Morvan, H., Fablet, C., Madec, F., Kobisch, M.,
2009. Experimental infection of SPF pigs with Actinobacillus pleur-
opneumoniae serotype 9 alone or in association with Mycoplasma
hyopneumoniae. Vet. Microbiol. 135, 283–291.
Marois, C., Le Carrou, J., Kobisch, M., Gautier-Bouchardon, A.V., 2007.
Isolation of Mycoplasma hyopneumoniae from different sampling sites
in experimentally infected and contact SPF piglets. Vet. Microbiol.
120, 96–104.
Mayor, D., Jores, J., Korczak, B.M., Kuhnert, P., 2008. Multilocus sequence
typing (MLST) of Mycoplasma hyopneumoniae: a diverse pathogen
with limited clonality. Vet. Microbiol. 127, 63–72.
Mayor, D., Zeeh, F., Frey, J., Kuhnert, P., 2007. Diversity of Mycoplasma
hyopneumoniae in pig farms revealed by direct molecular typing of
clinical material. Vet. Res. 38, 391–398.
Nathues, H., Beilage, E.G., Kreienbrock, L., Rosengarten, R., Spergser, J.,
2011. RAPD and VNTR analyses demonstrate genotypic heterogeneity
of Mycoplasma hyopneumoniae isolates from pigs housed in a region
with high pig density. Vet. Microbiol. 152, 338–345.
Opriessnig, T., Thacker, E.L., Yu, S., Fenaux, M., Meng, X.J., Halbur, P.G.,
2004. Experimental reproduction of postweaning multisystemic
wasting syndrome in pigs by dual infection with Mycoplasma
hyopneumoniae and porcine circovirus type 2. Vet. Pathol. 41,
624–640.hamp for his expertise in statistics.
Ot
Pa
Sta
Sta
Sta
Str
A. Charlebois et al. / Veterinary Microbiology 168 (2014) 348–356356ake, S., Dee, S., Corzo, C., Oliveira, S., Deen, J., 2010. Long-distance
airborne transport of infectious PRRSV and Mycoplasma hyopneumo-
niae from a swine population infected with multiple viral variants.
Vet. Microbiol. 145, 198–208.
lzer, A., Ritzmann, M., Wolf, G., Heinritzi, K., 2008. Associations be-
tween pathogens in healthy pigs and pigs with pneumonia. Vet. Rec.
162, 267–271.
kenborg, T., Vicca, J., Butaye, P., Imberechts, H., Peeters, J., De Kruif, A.,
Haesebrouck, F., Maes, D., 2006a. A multiplex PCR to identify porcine
mycoplasmas present in broth cultures. Vet. Res. Commun. 30, 239–247.
kenborg, T., Vicca, J., Butaye, P., Maes, D., Peeters, J., de Kruif, A.,
Haesebrouck, F., 2005. The diversity of Mycoplasma hyopneumoniae
within and between herds using pulsed-ﬁeld gel electrophoresis. Vet.
Microbiol. 109, 29–36.
kenborg, T., Vicca, J., Maes, D., Peeters, J., de Kruif, A., Haesebrouck, F.,
Butaye, P., 2006b. Comparison of molecular techniques for the typing
of Mycoplasma hyopneumoniae isolates. J. Microbiol. Methods 66,
263–275.
ait, E.L., Madsen, M.L., Minion, F.C., Christopher-Hennings, J., Dammen,
M., Jones, K.R., Thacker, E.L., 2008. Real-time PCR assays to address
genetic diversity among strains of Mycoplasma hyopneumoniae. J. Clin.
Microbiol. 46, 2491–2498.
Straw, B., Backstrom, L., Leman, A.D., 1986. Examination of swine at
slaughter Part 2. Findings at slaughter and their signiﬁcance. Comp.
Contin. Educ. 8, S106–S110.
Thacker, E.L., Halbur, P.G., Ross, R.F., Thanawongnuwech, R., Thacker, B.J.,
1999. Mycoplasma hyopneumoniae potentiation of porcine reproduc-
tive and respiratory syndrome virus-induced pneumonia. J. Clin.
Microbiol. 37, 620–627.
Thacker, E.L., Thacker, B.J., Janke, B.H., 2001. Interaction between Myco-
plasma hyopneumoniae and swine inﬂuenza virus. J. Clin. Microbiol.
39, 2525–2530.
Vicca, J., Stakenborg, T., Maes, D., Butaye, P., Peeters, J., de Kruif, A.,
Haesebrouck, F., 2003. Evaluation of virulence of Mycoplasma hyop-
neumoniae ﬁeld isolates. Vet. Microbiol. 97, 177–190.
Villarreal, I., Maes, D., Meyns, T., Gebruers, F., Calus, D., Pasmans, F.,
Haesebrouck, F., 2009. Infection with a low virulent Mycoplasma
hyopneumoniae isolate does not protect piglets against subsequent
infection with a highly virulent M. hyopneumoniae isolate. Vaccine 27,
1875–1879.
Vranckx, K., Maes, D., Calus, D., Villarreal, I., Pasmans, F., Haesebrouck, F.,
2011. Multiple-locus variable-number tandem-repeat analysis is a
suitable tool for differentiation of Mycoplasma hyopneumoniae strains
without cultivation. J. Clin. Microbiol. 49, 2020–2023.
